Different phases of solid boron under high pressure are studied by first principles calculations. The α-B 12 structure is found to be stable up to 270
Typeset using REVT E X 1 It is well known that many semiconductors and insulators undergo nonmetal-metal transitions upon applying high pressure. [1] [2] [3] [4] [5] Most of these metallization are associated with a structural transition from low coordination insulator to a high coordination metallic phase. 1, [3] [4] [5] In some case, the pressure-induced metallization can be attributed to the increased interatomic interactions which lead to the band overlap. 2 Recently, pressure-induced metallization and superconductivity were found in solid boron above 160 GPa. 6 There is no direct experimental evidence whether the nonmetal-metal transition is caused by the band gap closure or a structural transition into the metallic bct phase. 7 Moreover, the superconducting transition temperature increases from 6 K at 175 GPa to 11.2 K at 250 GPa. This is in contrast to typical sp metals such as Al, where the T c decreases with pressure. 8, 9 In this letter we Table I ) between neighboring icosahedrons. The calculated cohesive energy 6.95 eV/atom is comparable to the experimental value 5.81 eV. 22 The indirect gap 1.72 eV from our GGA calculation agrees with the estimated experimental value (2.0 eV) 23 better than the previous LDA result (1.43 eV). To investigate the pressure-induced structural transition we optimized both the cell parameters and atomic positions for α-B 12 , bct, fcc phases under each external hydrostatic pressure. Both the total energy and the enthalpy for each phase were calculated up to 400 GPa. The results are shown in Fig.2 . At the ambient pressure, we find 0.82 eV energy difference between the equilibrium α-B 12 and the bct phase, and 1.45 eV difference between the α-B 12 and the fcc phase. Upon applying pressure, α-B 12 remains the low energy structure but the enthalpy of bct phase becomes lower than that of α-B 12 at 270 GPa. Such a crossing indicates a thermodynamic instability of α-B 12 and a possible structural transition to the bct phase. The enthalpy of the fcc phase crosses that of the α-B 12 at the pressure of 315 GPa, but it is never lower than that of the bct phase up to the highest pressure (400 GPa) studied.
Previous LDA calculations predicted a structural transition from α-B 12 to bct at 210 GPa. 7 We have also preformed independent LDA calculations and obtained a similar transition pressure of 200 GPa. Our GGA transition pressure is about 60 GPa higher than the LDA results. As GGA calculations provide a better agreement with experiments in the band gap than LDA calculations, we believe that the GGA transition pressure (270 GPa) is more reliable. In the previous LDA calculations, a further transition from bct to fcc was predicted to occur at 360 GPa. 7 We have not observed such a transition up to 400 GPa in both LDA and GGA calculations. The discrepancy may due in part to the fact that our calculations are fully optimized in both the lattice parameters and the atomic positions, while the c/a ratio of the bct structure was fixed in the previous calculations. From above discussions we conclude that it is unlikely that the experimentally observed 8 nonmetal to metal transition at 160 GPa 6 is due to the structural transition into the metallic bct phase. The alternative explanation for the metallization is the band gap closure upon external pressure, similar to that happened in iodine. 2 As shown in Table I , upon applying pressure, the α-B 12 maintains its rhombohedral lattice structure with compressed intercluster and intracluster bonds. The strengthened boron-boron interactions broaden both the valence and conduction bands, eventually leads to the band gap closure and the development of metallic states near the Fermi level. This effect is clearly shown in Fig.3 , where we present the density of states for several different pressures. We perform further analysis of the electron density. Upon applying pressure, both the two-center intercluster bonds and the three-center intracluster bonds [13] [14] [15] are greatly strengthened while the two-center intracluster bonds are less sensitive. This can be seen in the contour plot of the total charge distributions for different pressures. Fig.4 shows an example of the contour plot, which includes the twocenter intercluster and intracluster bonds. A much higher charge density in the area of the intercluster bonds is found at higher pressures. Similar effect was also observed in the threecenter intracluster bonds. Thus, we conclude that the enhancement of both intercluster and three-center intracluster bonding leads to pressure-induced metallization. In the metallic phase of α-B 12 our calculations show that density of states N(E F ) at the Fermi level increases rapidly with pressure from 160 GPa to 240 GPa, beyond which it saturates (see Fig.5 ). The enhancement of metallicity with pressure can be directly associated with the increase of superconducting transition temperature T c from 6 K at 175 GPa to 11.2 K at 250 GPa. 6 In the phonon mediated superconductivity, the T c can be obtained as 24, 25 T c = ω ln 1.2 exp(−1.04
where ω ln is the characteristic phonon frequency, λ is the electron-phonon coupling strength, µ * is the screened coulomb repulsive interaction. The electron-phonon coupling λ is related to the density of states at the Fermi level N(E F ) by
where < I 2 > is the average square of the electron-phonon matrix element and < ω 2 > is averaged phonon frequency. 25 Typically for sp metal such as aluminum, < ω 2 > increase with pressure and N(E F ) decreases, while µ * is insensitive. 9 Thus, T c decreases with pressure. 8, 9 On the contrary, in solid boron, T c was found to increases substantially with pressure (175∼250 GPa). 6 Our calculations show that such increase in T c can be understood by the dramatic increase in the density of states N(E F ) with pressure after the metallization of α-B 12 . In addition, we also have calculated the N(E F ) and its pressure dependence for the metallic bct phase. The N(E F ) for bct phase is much higher than that of α-B 12 phase and it does not show a clear pressure dependence. This result further supports our interpretation that the observed metallization in boron may not originate from a structural transition from α-B 12 to bct phase.
In summary, we have performed first principles calculations to investigate the structural and electronic properties of solid boron under high pressure. Structural transition from α-B 12 to bct phase is found to occur at about 270 GPa. The semiconductor gap (1.72 eV at ambient pressure) decreases upon external pressure. Band gap closure and a nonmetal-metal transition is found around 160 GPa. As the external pressure further increase (160 GPa to 240 GPa), the density of states at Fermi level increase dramatically. We conclude that the experimentally observed metallization in boron might be due to the band gap closure instead of a structural transition into the metallic bct phase.
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